An efficient method that accounts for personal safety, accuracy and reliability for 9 measuring flood discharge of the Nanshih River at the Lansheng Bridge is proposed. The 10 method applying available tools which are adapted for flood conditions can be used to 11 quickly and accurately measure flood discharge. Measuring flood discharge directly from 12 mountain rivers by using conventional discharge measurement methods is costly, 13 time-consuming, and dangerous. Thus previous discharge estimations for mountainous area 14 in Taiwan were typically based on indirect methods, which alone cannot generate accurate 15 measurements. This study applies a flood discharge measurement system composed of an 16
Introduction 29
Discharge data enable populations to share and manage finite water supplies. Effective 30 water management requires accurate discharge measurements. With an average annual 31 precipitation of 2,471 mm, rainfall is abundant in Taiwan. Thundershowers and the typhoons 32 bring heavy downpours in the summertime. Therefore, the distribution of rainfall is uneven, 33 making the water available for use per capita low. As water shortages become increasingly 34 apparent, accurate discharge measurements become crucial. Sources of all major rivers 35 worldwide are located in mountains and a significant proportion of the earth's surface is 36 mountainous. Mountain rivers supply a large share of the world's population with fresh 37
water (Viviroli and Weingartner, 2004) . A mountain river is a river located within a 38 calculated via data analyses. These data can be stored and saved on a computer for further 172
study. 173
Measurements are usually made from a bridge; the flood discharge measurement is best 174 carried out downstream of the bridge so the sounding weight does not collide with piers. 175
However the discharge measurement is made at upstream of the bridge. The reason of making 176 discharge at upstream of bridge is that the flow conditions are not affected by pier, less 177 bubbles are found to block signal, and is more stable. Additionally, the crane arm must be 178 long enough to suspend the sounding weight and position it far away from piers for avoiding 179 the sounding weight colliding piers. 180
Computation of Flood Discharge 181
The discharge equations for open channels are based on the velocity area method 182 (Herschy, 1999) : 183
where Q is discharge; u is mean velocity across a channel; and A is the cross-sectional area. 184
Flood discharge measurement of mountain rivers can be estimated directly using mean 185 velocity and cross-sectional area. The estimation of mean velocity is based on the relationship 186 between mean and maximum velocities, and the cross-sectional area can be estimated by 187 gauge height. Therefore estimating mean velocity of the cross-section from maximum 188 velocity is unique to the proposed method. 189
The relationship between mean and maximum velocities (Chiu, 1987 A is the observed cross-sectional area. The ratio of obs u to 192 max u in a given cross-section, φ , approaches a constant (Chiu and Said, 1995; Chiu, 1996) . and u max to establish the relationship between maximum and mean velocities-the φ ratio.
201
Once φ is determined, the flood discharge can be estimated quickly using maximum 202 velocity and gauge height. 
where ξ is the isovel in the η ξ − coordinate system (Chiu and Chiou, 1988) the maximum velocity of a cross-section can be obtained using the y-axis. Statistically, one 228 standard deviation of distance from the y-axis can be used to identify the stability of the 229 y-axis (Chiu and Chen, 1999) . The maximum velocity obtained by data from around the 230 y-axis and the actual value are very close; thus, a slight shift in the y-axis will not cause 231 significant error in the estimated maximum velocity (Chiu and Chen, 2003) . However ADP 232 cannot sample the velocity near water surface and the velocity distribution is not continue. 233
Hence, the nonlinear regression model can be fitted to velocity distribution data on the y-axis 234 measured by the ADP to Eq. (3) for determining maximum velocity in the cross-section. 235
Estimation of mean velocity to determine φ

236
The mean velocity of the channel used to establish the relationship between mean and 237 maximum velocities is determined by obs obs A Q . Thus, measuring flood discharge using the 238 conventional method becomes a very important but difficult task. The conventional method 239 divides the cross-section into segments by spacing verticals at an appropriate number of 240 locations across the channel. USGS suggests using 6 to 10 observation verticals in the 241 measurement cross section for a small stream. Reduce the number of sections taken to about 242 15-18 during periods of rapidly changing stage on large streams (Rantz, 1982) . Distance 243 between verticals, depth, and velocities are measured at the verticals. A sounding weight or 244 ADP is utilized to measure water depths at the verticals. The velocities at the verticals are 245 measured using a current meter or ADP. Segment discharges are computed between 246 successive verticals; therefore, total discharge may be computed as 247
where i q is the i th segment discharge; i v is the individual segment mean velocity normal to 248 the segment; and i a is the corresponding area of the segment. Notably, i a can be 249 determined using the midsection method. 250
Estimation of cross-sectional area 251
The cross-sectional area and gauge height data are collected during discharge 252 measurement. The segment areas are summed to obtain the cross-sectional area of the open 253 channel. If the streambed is stable and free of scouring and deposits, it is normally reliable to 254 estimate cross-sectional area with gauge height. The relationship between cross-sectional area 255 and gauge height (Chen and Chiu, 2002) can be expressed as 256
where est A is the estimated cross-sectional area; G is gauge height. a, b, and c are 257 coefficients determined by nonlinear regression. Compared to the cross-sectional area during 258 flood, when the area caused by scouring or depositing is small. Eq. (10) can also be applied to 259 estimate cross-sectional area. If the relation of G and obs A is not good enough, it could be a 260 large source of uncertainty in the final discharge. 261
Estimation of the discharge by the efficient measurement method 262
Before the discharge estimation method, referred to as the efficient measurement method, 263 is developed in a stream, obtaining obs u to determine φ for a given cross-section in a
264
stream is the key in developing the efficient method. The observed mean velocity of the 265 cross-section is calculated as obs obs A Q . The complete flood discharge measurements over 266 the full cross-section are very important for establishing the relationship between mean and 267 maximum velocities and it possibly will take several years to collect enough data. Therefore 268 it is necessary to measure discharge and cross-sectional area by sampling velocities and depth 269 in each vertical for determining mean velocity in each vertical and segment area. Then the 270 discharge is derived from the sum of the product of mean velocity, depth and width between 271 verticals. The velocity distribution made on y-axis is used to calculate maximum velocity of 272 the cross-section for determining φ . The gauge height and cross-sectional area are used to establish the relation of gauge height and cross-sectional area. 274
Looking for the location of y-axis in a stream is difficult. For a straight and regular 275 artificial channel, the y-axis usually occurs at the center of the cross-section. The location of 276 y-axis in a natural channel can be located anywhere in the cross-section. Fortunately, the 277 velocities used to determine the discharge reveal the location of y-axis. By using the 278 measured velocity data, isovel patterns of a stream can indicate the location of y-axis. 279
Once the efficient method is established, only the velocity distribution on y-axis and 280 gauge height are needed to be measured for estimating flood discharge. The maximum 281 velocity determined by velocity distribution and φ can be used to estimate mean velocity of the cross-section. The cross-sectional area can be determined by the gauge height. 
Description of study catchment and data 285
The study site is located at the Lansheng Bridge on the Nanshih River. Fig. 2 shows the 286 locations of the catchment area and gauge stations. Situated southeast of Taipei, Taiwan, the 287 Nanshih River, an upstream branch of the Tanshui River, is a major fresh water source for the 288 Taipei metropolitan area. To safeguard water quality and quantity, access to this area is 289 restricted; thus, most of the area is untouched and forested. The area covers 331.6 km 2 and 290 has an annual precipitation of 3082-4308 mm (average, 3600 mm). Days with precipitation 291 are mostly concentrated in winter. The northeastern winds in winter create fine rain, whereas 292 typhoons in summer bring heavy rains. The average monthly precipitation in the area from 293
June to October exceeds 300 mm from 1992. Although a discharge measuring system that is 294 composed of radar sensor for measuring water stage and current meter for measuring velocity 295 has been in place on the Lansheng Bridge since 2005, flood discharge was not measured until 296
2007. The average discharge of the Nanshih River at the Lansheng Bridge is 26.9 m 3 /s; the 297 minimum is 0.9 m 3 /s, and the maximum is 2295 m 3 /s. The Nanshih River is about 35 km long 298 to the Lansheng Bridge and 45 km to the confluence of the Nanshih River and the Beishih 299
River; the highest altitude is 2,101 m on Mount Babobkoozoo, and the altitude of the river 300 bed at the Lansheng Bridge is 106.8 m. Thus the stream gradient, which is the grade 301 measured by the ratio of drop in elevation of a stream per unit horizontal distance, of the 302 upstream of the Nanashih River exceeds 10% and the average stream gradient to the 303 Lensheng Bridge is 5.7%. The stream gradient at the study site is about 1.5%, which is still 304 relatively steep. 305
Measurement of Flood Discharge 306
This study was conducted on the Nanshih River at the Lansheng Bridge from 2007 to 307 2010. During the typhoon season, flood discharges were measured using the proposed flood 308 measurement system. Fig. 3 shows the flood discharge measurement during Typhoon Krosa.situated at the left bank), velocity measurements are taken at 0.1 m intervals from the water 312 surface to the channel bed when water is shallow and the ADP cannot be applied to measure 313 velocity distribution. 314
The velocity distribution and water depth are measured at 3 m intervals during the 315 typhoons for computation of discharge. The probabilistic velocity distribution equation is 316 then utilized to simulate velocity profiles and calculate the mean velocities of the verticals. 317
Finally, each segmental discharge can be obtained, the sum of which is the river discharge. As 318 shown in Fig. 4 , the flood discharge per unit width, mean velocity at each vertical and the 319 corresponding depth are plotted over the water surface line. The top of Fig. 4 is the segmental 320 mean velocity and discharge, and the bottom is the flow pattern. It also shows that most of 321 discharge occurs in the main channel. By using the ADP, the cross-section can be easily and 322 quickly surveyed for determining cross-sectional area. Table 1 bed does not change drastically, whereas the right side of the river bed has obvious scouring 346 and deposition during flooding. For instance, on 28 November, the right bank shows obvious 347 signs of scouring, and on 29 November, is deposited; the cross-section gradually returns to itsareas in the cross-section on 8 October and 28 November are 13.9 and 7.74 m 2 , respectively. 350 Table 2 The data of discharge is split into two independent subsets: the calibration and validation 360 subsets. The calibration subset with 19 observed discharges is used for parameter estimation. 361
The validation subset, which consists of 5 observed discharges, is devoted to access the 362 performance of the proposed method. Correlation coefficient indicating the strength of 363 relationship between observed and estimated discharges and root-mean-square error (RMSE) 364 evaluating the residual of observed and estimated discharges are used to evaluate the 365 performance of the efficient method. 366
An efficient method of measuring flood discharges of mountain rivers can be established 367 through repeated measurements. that the proposed method can be successfully applied to estimate flood discharge of mountain 391 rivers. 392 Fig. 11 shows the frequency functions for a normal distribution fitted to the ε %. are mutually independent and normally distributed with a mean approaching zero and small 400 variance. Clearly, the proposed method can be utilized to accurately and reliably measure 401 flood discharge of mountain rivers. 402
The gauge station on the Lansheng Bridge was established in 2005 and it collected 403 discharge data under low water levels by using the current meter method. In 2007, the station 404 began to be used to collect data under high water levels with the method developed in this 405
paper. Once the efficient method for measuring flood discharge of mountain rivers isestablished, the flood discharges during Typhoon Jangmi in 2008 are estimated only 407 depending on maximum velocities and gauge heights. Fig. 12 shows the velocity distribution 408 measured by ADP on y-axis during Typhoon Jangmi. Therefore the maximum velocity can be 409 calculated by using Eq. (3) with the collected velocity distribution. The estimated flood 410 discharges during Typhoon Jangmi are summarized in Table 3 . In Table 3 , Q is discharge 411 estimated by the proposed method, and Qr is discharge estimated by stage-discharge rating 412 curve. The discharge estimated by only the velocity distribution on y-axis is very close to the 413 discharge estimated by rating curve. It shows that the method presented in this paper is 414 reliable and accurate for estimating flood discharge. By using the proposed method, the flood 415 discharge can be estimated quickly within 1 minute. 416
Real-time discharge at a stream-gauging station can be computed from a real-time stage 417 using the stage-discharge relationship, which is also called the rating curve. Recorded 418 discharges over a wide range are rare. Notably, measurement accuracy of conventional 419 instruments and methods can be adversely affected and restricted by both location and 420 weather; these instruments are most reliable during stable and low-flow conditions. Thus, 421 long-term observations can be used to establish the lower part of a rating curve. However, to 422 create a complete rating curve, high flow discharge data are needed. Fig. 13 is the water-stage 423 rating curve of the Nanshih River at the Lansheng Bridge. When water stages are 113, 112, 424 and 111 m, the differences between the discharges estimated by the old and new rating curve 425 are 118, 109, and 81 m 3 /s, respectively. The old rating curve severely underestimates 426 discharge under high water levels, whereas the curve for 2010 was likely adjusted according 427 to flood discharge, markedly improving its accuracy and efficiency. It indicates that the 428 importance of flood discharge for establishing a stage-discharge rating curve. The accurate 429 rating curve with the actual measurements during high water also demonstrates this method 430 has improved the overall discharge measurement of the river. 431
Conclusions 432
Flood discharge measurement is always a difficult and dangerous task. The 433 characteristics of mountain rivers make it impractical to use conventional methods and 434 instruments to measure discharges during floods. Concerns for personal safety, accuracy, 435 reliability, and efficiency, a new measurement method and system have to be developed for 436 flood discharge measurement in Taiwan. According to the hydrological characteristics of the 437 Nanshih River at the Lansheng Bridge, a flood measuring system composed of useful 438 techniques and tools is applied to collect velocity and water depth data over the full 439 cross-section for calculating discharge and determining the location of y-axis. The efficient 440 discharge measurement method based on the relation of mean and maximum velocities and 441 the relation of gauge height and cross-sectional area is developed to estimate the flood 442 discharge in the Nanshih River at the Lansheng Bridge. Therefore the flood discharge can be 443 easily estimate by sampling gauge height and the velocity distribution on y-axis for 444 calculating maximum velocity. Those flood data used for establishing stage-discharge rating 445 curve makes real time flood discharge estimation possible. Like the other index velocity 446 methods converting the velocity at a point or in a section to the mean velocity, the efficient 447 method is also an index velocity method for measuring flood discharge in mountain rivers. 448
The merits of the proposed measuring system and method for measuring flood discharge of 449 mountain rivers in Taiwan 
